Quantum nonlocality based on finite-speed causal infiuences 
leads to superluminal signaling 
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The experimental violation of Bell inequalities using spacelike separated measurements precludes 
the explanation of quantum correlations through causal influences propagating at subluminal speed. 
Yet, it is always possible, in principle, to explain such experimental violations through models based 
on hidden influences propagating at a finite speed v > c, provided v is large enough. Here, we 
show that for any finite speed v > c, such models predict correlations that can be exploited for 
faster-than-light communication. This superluminal communication does not require access to any 
hidden physical quantities, but only the manipulation of measurement devices at the level of our 
present-day description of quantum experiments. Hence, assuming the impossibility of using quan- 
tum non-locality for superluminal communication, we exclude any possible explanation of quantum 
correlations in term of finite-speed influences. 



Correlations cry out for explanation jTj. Our pre- 
quantum understanding of correlations relies on a com- 
bination of two basic mechanisms. Either the correlated 
events share a common cause — such as seeing a flash 
and hearing the thunder when a lightning strikes — or 
one event influences the other — such as the position of 
the moon causing the tides. In both cases, we expect the 
chain of events to satisfy a principle of continuity: that 
is, the idea that the physical carriers of causal influences 
propagate continuously through space. In addition, we 
expect them — given the theory of relativity — to prop- 
agate no faster than the speed of light. The correlations 
observed in certain quantum experiments call into ques- 
tion this viewpoint. 

When measurements are performed on two entan- 
gled quantum particles separated far apart from one an- 
other, such as in the experiment envisioned by Einstein, 
Podolosky, and Rosen (EPR) [5], the measurement re- 
sults of one particle are found to be correlated to the 
measurement results of the other particle. Bell showed 
that if these correlated values were due to local common 
causes, then they would satisfy a series of inequalities 
But theory predicts and experiments confirm that 
these inequalities are violated [3], thus excluding any lo- 
cal common cause type of explanation. Moreover, since 
the measurement events can be spacelike separated, any 
influence-type explanation must be based on influences 
propagating faster than light. 

This non-local connection between distant particles 
presents profound interpretative difficulties and is a 
source of tension between quantum theory and relativity 
[H |S] . However, it does not put the two theories in direct 
conflict thanks to the no-signaling property of quantum 
correlations. This property guarantees that spatially sep- 
arated observers in an EPR-type experiment cannot use 
their measurement choices and outcomes to communicate 



with one another. 

But quantum non-locality is not only puzzling because 
of its apparent conflict with relativity, it also seems to 
invalidate the more fundamental idea that correlations 
can be explained by causal influences propagating con- 
tinuously in space. Indeed, according to the standard 
textbook description, quantum correlations are achieved 
through the collapse of the wavefunction, a process that is 
instantaneous and independent of the spatial separation 
between particles. Any explanation of quantum correla- 
tions via hypothetical influences would therefore require 
that they "propagate" at speed v = oo. Clearly, one may 
ask whether infinite speed is a necessary ingredient to ac- 
count for the correlations observed in Nature or whether 
a flnite speed v, recovering a principle of continuity, is 
sufficient. At first, this question seems unanswerable. 
Indeed, provided that v is large enough, any model re- 
producing the non-local correlations of quantum theory 
through (hidden) influences propagating at a finite speed 
V > c can always be made compatible with all exper- 
imental results observed so far. It thus seems like the 
best that one could hope for is to put lower-bounds on v 
by testing the violation of Bell inequalities with systems 
that are further apart and better synchronized [6j [7] . 

Here we show that there is a fundamental reason why 
influences propagating at a finite speed may not account 
for the non-locality of quantum theory. We demonstrate, 
following an original suggestion of [SJ i^j , that all mod- 
els for quantum correlations where non-local influences 
propagate at a given finite speed v > c give, for any v, 
predictions that can be used for faster-than-light commu- 
nication. More precisely, consider any such model that 
correctly reproduces the quantum prediction within the 
range of its causal influences and ceases to violate Bell in- 
equalities beyond this range. Then we show that it will 
also necessarily predict, in certain configurations, mea- 
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FIG. 1. Space-time diagram in the privileged reference frame. 
In the (shaded) hght cone dehmited by solid lines, causal in- 
fluences propagate up to the speed of light c, whereas in the 
v-cone (hatched region), causal influences travel up to the 
speed V. An event Ki can causally influence a spacelike sep- 
arated event K2 contained in its future u-cone, but cannot 
directly influence an event outside its «-cone. 



surement outcome correlations that could be used by dis- 
tant observers to communicate at superluminal speeds. 
This does not require access to any of the (hidden) quan- 
tities specified by the underlying model, but only the ma- 
nipulation of measurement settings and the observation 
of measurement results at the level of our present-day 
description of quantum experiments. 

For definiteness, we derive our results assuming that 
the speed v is defined with respect to a privileged ref- 
erence frame [TD]. It should be stressed that whilst the 
assumption of such a frame is not in line with the spirit of 
relativity, there is also no empirical evidence suggesting 
their absence |TT]. In fact, there exist physical theories 
that assume a priviledged reference frame and are com- 
patible with all observed data, such as Bohmian mechan- 
ics [12] and the collapse theory of Ghirardi, Rimini, and 
Weber [T31 [T3] . While both of these theories reproduce 
all tested quantum predictions, they violate the principle 
of continuity mentioned above (otherwise they would not 
be compatible with no-signalling as our results imply). 



Models with a finite limit v > c on the speed of 
superluminal influences. 

The models that we consider assume that to each 
spacetime point K, we can associate in the privileged 
frame a past and a future "w-cone" generalizing the no- 
tion of past and future light-cones, see Figure [T] We 
write Ki < K2 {Ki > K2) if K2 is in the future (past) 
?;-cone of Ki and Ki ^ K2 if Ki and K2 are outside 
each other's u-cones. An event at Ki can have a causal 
influence on points K2 > if 1 in its future v-cone and can 
be influenced by points K2 < Ki in its past t;-cone. But 
there cannot be any direct causal relation between two 
events Ki ~ K2 that are outside each other's v-cones: 
any correlation between them must originate from com- 
mon causes in the intersection of their past w-cones. 
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FIG. 2. Bipartite Bell experiments in a w-causal model, 
a) A is in the past v-cone of B. The variable A, 
with probability distribution g(A), denote the joint state 
of the particles, or more generally a complete specifica- 
tion of any initial information in the shaded spacetime 
region that is relevant to make predictions about a and 
b In this situation, we can write PA<B{ab\xy) = 

j:^q{\)P{ab\xy,X) = j:^q{X)P{a\x,yX)P{b\y,axX) = 
'^^q(X)P{a\x, X)P{b\y,axX), where we used Bayes' rule in 
the second equality and the fact that the measurement set- 
ting J/ is a free variable, i.e., uncorrelated to a,x,X, in the 
last equality, b) A and B are outside each other's u-cones. 
As above, the variable A represents a complete (as far as pre- 
dictions about a and b are concerned) specification of the 
shaded spacetime region. Note that this region screens-off 
the intersection of the past w-cones of A and B [16]. It 
thus follows that P{a\x,byX) — P{a\x,X) since any infor- 
mation about B is irrelevant to make predictions about a 
once A is specified (see [T7] for a more detailed discussion 
of this condition). Similarly P{b\y,axX) = P{b\y,X). We 
can therefore write PAr^B{a.b\xy) = "^^x <lWP{<ib\xy, ^) = 
qWP{a\x, yX)P{b\y, axX) = a(A)P(a|a:, X)P{b\y, A). 



More specifically, consider a Bell-type experiment in- 
volving two particles A and B upon which measurements 
(labeled by) x and y are performed, yielding outcomes 
a and 6 with probability P{ab\xy). A model in which 
causal infiuences can propagate at speed w, henceforth 
referred as a v-causal model, will predict the joint prob- 
abilities PA<B{ab\xy) — '^y^q{\)P{a\x,X)P{b\y,ax\) if 
A is in the past u-cone of i?, and PB<A{oi>\xy) = 
J2\'}WP{b\y, X)P{a\x,byX) if B is in the past ?;-cone 
of A (see Figure [2^) . Intuitively, particle A can "com- 
municate" to particle B in the first case and particle B 
to particle A in the second one. On the other hand, if A 
and B are outside each-other's w-cones, a w-causal model 
wiU predict PAr^B{ab\xy) = 9(A)-P(a|a;, A)P(6|2/, A), 
see Figure [2]3; that is, the model will predict correlations 
that are formally "local" and satisfy Bell inequalities. 
Intuitively, the two systems cannot influence each other, 
but can nevertheless be correlated through the variables 
A specifying their common past. The causal structure 
that we consider thus simply corresponds to Bell's no- 
tion of local causality [T^ but with the speed of light c 
replaced by the speed v > c. 
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Quantum theory and u-causal models. 

According to quantum theory, measurements on two 
separated systems prepared in the quantum state p yield 
joint probabihties of the form PQ{ah\xy) = tr(pM^ ® 
M^), regardless of the spacetime ordering between the 
measurements. A w-causal model for quantum correla- 
tions is then one that reproduces PQ{ah\xy) in the sit- 
uations A < B and B < A, i.e., a model such that 
Pa<b = Pb<a = Pq- Note that it is always possi- 
ble to find such a model as we can write PQ{ab\xy) — 
P{a\x)P{b\y,ax) — P{b\y)P{a\x,by) by the no-signaling 
property of quantum correlations. 

More generally, in a multipartite setting, a w-causal 
model for quantum correlations is one that reproduces 
the quantum predictions when the spacetime ordering 
of the systems is such that a chain of causal influ- 
ences can propagate sequentially from the first mea- 
sured system to the last one. Consider for instance 
a four-partite experiment involving particles A, B, 
C, D and characterized by the quantum probabilities 
PQ{abcd\xyzw). If the spacetime ordering is T = 
{A < D < B < C), then a u-causal model will 
predict PT{abcd\xyzw) = (7(A)P(a|a:, A)P(c?|u', axA) 
P{b\y,axdwX)P{c\z,axdwbyX) and a quantum w-causal 
model will satisfy Pt = Pq (as above, it is always possi- 
ble to find such a model thanks to the no-signaling prop- 
erty of quantum correlations). 

Note that when the spacetime ordering is such that 
causal influences are restricted between certain pairs of 
events, a ti-causal model will generally not be able to re- 
produce all quantum correlations. For instance, the cor- 
relations between A and B will never violate Bell inequal- 
ities when A ^ B. If we observe experimentally that Bell 
inequalities are nevertheless violated in this situation, we 
will have ruled out the possibility of explaining Nature 
through influences that propagate at the finite speed v. 
Accordingly, it seems like the best that one can hope for 
is to lower bound experimentally the speed of causal in- 
fluences by synchronizing as well as possible the different 
measurements in a Bell experiment (an additional diffi- 
culty, though, is that the synchronization has to be done 
in the unknown privileged frame ^). Our aim here is 
to show that there is a more fundamental reason why in- 
fluences propagating at a finite speed v cannot account 
for the non- locality of quantum theory: for any finite v, 
they necessarily allow for superluminal communication. 



No-signaling and ii-causal models. 

The superluminal influences allowed in a ?;-causal 
model, at the (hidden) microscopic level, need not a pri- 
ori lead to any signaling at the the macroscopic level, 
that is at the level of the experimenters who have no 
access to the underlying mechanism and variables A of 
the model, but can only observe the average correlations 
P{ab\xy) (e.g., by rotating polarizers along different di- 



rections x,y and counting detector clicks a,b). For in- 
stance, when the spacetime ordering between the systems 
is such that the model reproduces the correlations pre- 
dicted by quantum theory, then these correlations can 
obviously not be used for signaling. 

A sufhcient condition for the correlations P not to 
be exploitable for signaling is that they satisfy a series 
of mathematical constraints known as the "no-signaling 
conditions". In the bipartite case, these are the con- 
ditions that the marginal distributions Piab\xy) = 
P{a\x) and J2a Pi^^l^v) ~ ^(^Ij/) the measurement 
outcomes of one system be independent of the measure- 
ment made on the other system. This guarantees that the 
correlations P cannot be used by experimenters to signal 
to one another by their choice of measurement settings x 
or y. In the case of four parties (on which we will focus 
below), no-signaling is the condition that the marginal 
distributions for the joint system ABC be independent 
of the measurement performed on system D, i.e., that 

P{abcd\xyzw) = P{abc\xyz) , (I) 

d 

together with the analogous conditions for systems ABD, 
ACD, and BCD. These conditions imply that the 
marginal distribution for any subset of systems are in- 
dependent of the measurements performed on the com- 
plementary subset. 

If the conditions ([T]) are violated - and if it is possible 
for the experimenters to evaluate the marginal correla- 
tions ABC at a spacetime point outside of Z?'s future 
light-cone - then the correlations P can be exploited to 
communicate faster-than-light from D to the combined 
system ABC. Such superhmrinal communication does 
not require any control of the mechanism underlying the 
w-causal model, but only makes use of the correlations 
between the macroscopic variables a, 6, c and x,y,z,w. 
We now show that a u-causal model for quantum corre- 
lations will necessarily lead to such superluminal commu- 
nication. 



u-causal models for quantum correlations imply the 
possibility of superluminal communication. 

Our result is based on the following Lemma. 

Lemma. Let P{abcd\xyzw) be a joint probability distri- 
bution with a, b,c,dG {0, 1} and x, y, z,w G {0, 1} satis- 
fying the following two conditions. 

i) The conditional bipartite correlations BC\AD are 
local, i.e., the joint probabilities P{bc\yz,axdw) 
for systems BC conditioned on the measure- 
ments settings and results of systems AD admits 
a decomposition of the form P{bc\yz, axdw) ~ 
'^^q{\\axdw)P{b\y,\)P[c\z,X) for every a,x,d,w. 

ii) P satisfies the no-signaling conditions 
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Then the following inequality is satisfied 

S = - 3{Ao) - {Bo) - (Si) - (Co) - 3{Do) 

- (AiBo) - (AiBi) + (AoCo) 
+ 2{A,Co) + (AoDo) + (BoDi) 

- {B,D,) - (CoDo) - 2(Ci A) 

+ {AoBoDo) + {AoBoDi) + {A^B^Do) ^ ' 

- (AoBiDi) - (AiBoDo) - (AiBiDo) 
+ (AoCoDo) + 2{AiCoDo) - 2{AoCiDi) 
< 7, 

where we have introduced the correlators {A^) = 
ELoi-^rPia\x), (A^By) ^ Elb=oi-^r^''Pi<^b\xy), 
{A^ByO = Ea,fc,c=o(-l)"+'+'-P(«^c|a;yz), and so on. 

Proof. Let Pa£)(00|00) denote the AD marginal prob- 
abilities P{a = 0,d — 0\x = 0,w = 0) and let 
PB\AD{b\y) denote the B\AD probabilities P{b\y^a = 
0, a; = 0, d = 0, w = 0), and define similarly Pc\ad{c\z) 
and PBC\AD{bc.\yz). Consider the following inequality 

/ = P(1000|0000) + F(0001|0010) + P(0011|0011) 
+ P(0100|0011) + P(1000|0100) + P(0011|0110) 
+ P(0000|0111) + P(0111|0111) + P(0010|1000) 
+ P(1100|1000) + P(0010|1100) + P(1100|1100) (3) 

+ Pai?(00|00) [1 - PB\AD{m - Pc\AD{m 

+ Psc|ad(00|00) + Pbc|ad(00|01) 

+ i^sc|AD(00|10)- Pbc|ad(00|11)] >0. 

This inequality is satisfied by any correlations P 
fulfilling condition |i|. Indeed, the first twelve 
terms and the term Pa£)(00|00) are clearly posi- 
tive. Moreover, the term in square brakets is positive 
since 1 - Pb|ad(0|0) - Pc|ad(0|0) + Pbc|ai5(00|00) + 
Pbc|ad(00|01) + Psc|ad(00|10) - Pbc|ad(00|11) > 
is nothing but the Clauser-Horne-Shimony-Holt (CHSH) 
inequality p[B] for the BC correlations conditioned on 
a = 0,a; = 0, d = 0,w = and is thus non-negative 
according to condition |i]). Using the no-signaling con- 
ditions, it is now easy to see that S can be written as 
S = 7-81, which implies 5 < 7 [H]. □ 

Note that inequality ^ is violated by quantum theory, 
since measuring the state 

I*) = ^10000) + i 10011) - 10101) + ^ 10110) 

+ ^ 11000) 11011) 11101) + i 11110). 

with the operators 

Ao = -Ua,U\ ii = Ua,U\ Bo = H, 
Bi = —axHax,Co = —Do = ctj, Ci = fi = —fJx, 
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FIG. 3. Four-partite Bell-type experiment characterized by 
the spacetime ordering R = [A < D < B ^ C). Let A 
describe any relevant information from the past of A, B, C, D 
and in addition let be a (sufficiently complete) specification 
of the shaded region, which screens-off the intersection of 
the past v-cones of B and C. Note that may depend 
on the value of the past variables a, x, d, w, X and is thus 
characterized by a probability distribution q{fi\axdwX). Since 
B ~ C, we have as in Figure [2j3 P{b\y,cz^) = P{b\y,^i) and 
P{c\z,byfi) = P{c\z,fi). We can thus write Pji{abcd\xyzw) = 
Ea lWP{a-\^, X)P{d\w, axX) q{n\axdwX)P{b\y, /i)P(c|2, fi). 
This implies that the correlations BC condi- 
tioned on AD are local since Pu{bc\yz,axdw) = 
q{lJ-\axdw)P{b\y, fi)P{c\z, where q{^\axdw)=Y.x iW x 
P(a\x, X)P(d\w, axX)q{^.\axdwX) / Ea i(.^)P{'^\^^ X)P{d\w, axX). 
Let us now show that the marginal correlations ABD are 
quantum. For this, suppose that a choice is made af- 
ter the shaded spacetime region (and in a way that is 
independent of the variables /x) to delay the measure- 
ment on particle C, up to the point C'. Thus, B now 
lies in the past t;-cone of C and the spacetime ordering is 
T = {A < D < B < C'). We can then write PT{abcd\xyzw) = 
Ea iWP{o-\^, X)P{d\w, axX) q{n\axdwX)P{b\y, /i)P(c|2, byfj.), 
from which it follows that PT{abd\xyw) = PR{abd\xyw) = 
Ea lWP{a-\^, X)P{d\w, axX) q{fi\axdwX)P{b\y, fi). 
But since by assumption Pt = Pq, we deduce that 
Pit{abd\xyw) = PQ{abd\xyw). Similarly, it can be shown 
that P[i{acd\xzw) = PQ{acd\xzw). 



where U = cos(^)(T2 — sin(^)o'2: and H is the Hadamard 
matrix, yields 5'''= 7.2014 > 7. 

Assume now that there exists a w-causal model for the 
above quantum correlations, that is, that there exists a 
model such that Pt = Pq if T is a spacetime order- 
ing that does not constrain causal influences between 
any pair of systems. Consider the predictions of such 
a model in a configuration where the quantum predic- 
tions need not be reproduced completely such as in the 
configuration of Figure [3j characterized by the ordering 
R={A<D<B^C), i.e., superluminal influences can 
propagate from system A to all the other ones and from 
system D to systems B and C, but cannot propagate 
between systems B and C. By definition of the model, 
it then follows that the correlations BC\AD are local, 
i.e., condition |i| of the Lemma is satisfied, see Figure [s] 
for details. Since P ^ C, as noted above, we should 
not expect, in general, that Pji = Pq. However, in- 
equality PI is completely determined by the value of the 
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tripartite terms P{abd\xyw) and P{acd\xzw)^ where the 
model does give the same predictions as quantum theory 
for the spacetime ordering R, that is, any w-causal model 
for these quantum correlations satisfies Pii{abd\xy'w) — 
PQ(ahd\xyw) and Pii{acd\xzw) — PQ{acd\xzw), see cap- 
tion of Figure |3] Intuitively, this is because the marginal 
correlations ABD [ACD) are well-defined, that is in- 
dependent of the measurements performed on C (B), 
and in particular independent of whether this measure- 
ment is delayed, in which case the correlations should 
reproduce the quantum ones. Therefore, any quantum 
w-causal model for the above quantum correlations will 
also yield S = 7.2014 > 7 in the configuration of Fig- 
ure [sj Inequality ([2| is thus violated and therefore one of 
the two conditions of the Lemma must be violated. But 
since the model satisfies condition |i| , it must necessarily 
violate condition |ii]), i.e., the correlations Pr must violate 
the non-signaling conditions ([l]). 

This implies that the correlations Pr can be used for 
superluminal communications. Indeed, since they violate 
the no-signaling conditions, at least one of the tripartite 
correlations ABC, ABD, ACD, or BCD must depend 
on the measurement setting of the fourth party. This 
is not the case for the marginal ABD (ACD) as it is 
defined independently of C {B) (and equal to the quan- 
tum marginal). It thus follows that either the marginal 
ABC must depend on the measurement setting w of sys- 
tem D or that the marginal BCD must depend on the 
measurement setting x of system A. In both cases, these 
marginals can be evaluated outside the fourth party's 
future light-cone and can thus be explicitly used for su- 
perluminal communication, see Figure |4] 



Conclusion 

We have shown that if the non-local effects that we ob- 
serve in Bell experiments were due to hidden influences 
propagating at any finite speed, then non-locality could 
be exploited for superluminal communication. Our re- 
sults therefore uncover a new aspect of the complex rela- 
tionship between multipartite quantum non-locality and 
the impossibility of signaling pOH^ . 

Our results answer a question first raised in [8l |9] . Par- 
tial progress on this problem was made in |23j . where a 
conclusion similar to ours was obtained for a particular 
set of non-quantum correlations. The approach of |23j . 
based on the tripartite configuration considered in [HI [9] , 
does not seem, however, to generalize in a straightforward 
way to the physically relevant case of quantum correla- 
tions. Our approach is based instead on the introduction 
of a general formulation of the concept of u-causality, 
which allowed us to go beyond the configuration orig- 
inally considered in [SI [S]- It would be interesting to 
understand if the conceptual framework presented here 
can be used to rule out finite-speed influences for any 
conceivable non-local theory or if there exist non-local 
theories compatible with flnite speed influences. 



A time 




FIG. 4. Let the four systems of Figure 3 lie along some spatial 
direction at, respectively, a distance ds ~ j(l + ^) + 
dc = |(1 + ^) — Yq:^, d_D = 1 form A, where r = v / c > 1, 
and let them be measured at times Ia = Q, Ib = tc = 
to = l/r. Suppose that the correlations Pr produced by a 
u-causal model are such that the BCD marginal correlations 
depend on the measurement x made on the first system A. If 
parties B and C broadcast (at light-speed) their measurement 
results, it will be possible to evaluate the marginal correlations 
BCD, at the point D' . Since this point lies outside the future 
light-cone of A (shaded area), this scheme can be used for 
superluminal communication from ^ to D'. Similarly, if the 
ABC marginal correlations depend on the measurement w 
made on D, they can be used for superluminal communication 
from D to the point A' . 

This work illustrates the difficulty to modify quantum 
physics while maintaining no-signaling. If we want to 
keep no-signalling, it shows that quantum non-locality 
must necessarily relate discontinuously parts of the uni- 
verse that are arbitrarily distant. This gives further 
weight to the idea that quantum correlations somehow 
arise from outside spacetime, in the sense that no story 
in space and time can describe how they occur. 
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